Abstract-The present study investigated whether fluctuating asymmetry can serve as a useful biomarker of environmental stress in the eastern mosquitofish (Gambusia holbrooki). Fluctuating asymmetry was measured in sexually mature females sampled from two Florida, USA, coastal streams: The Fenholloway River, which is dominated by effluent from a paper mill, and Spring Creek, a tributary to the Fenholloway River (Taylor County, FL, USA) that does not receive paper mill effluent. Nine morphometric (lengths of the A and B scales, fifth pectoral fin ray, supraorbital canal, and preorbital canal and the sixth gill raker on the first brachial arch; orbit diameter; distance from the dorsal-ventral midpoint of the eye socket to the base of the pectoral fin; and distance from the postorbital canal to the operculum) and five meristic traits (numbers of scales in the lateral line, radii on the A and B scales, pectoral fin rays, and gill rakers on the first brachial arch) were included. For each of the three indexes of fluctuating asymmetry that were used, the majority of the traits showed a higher level of fluctuating asymmetry in fish from the Fenholloway River than in fish from Spring Creek. For two of the indexes, the difference was significant. Comparisons of mean values for fluctuating asymmetry (over all traits) for each fish and the means of a composite index of asymmetry both indicated that fish from the Fenholloway River had significantly greater overall fluctuating asymmetry than those from Spring Creek. Results of the present study are consistent with the hypothesis that environmental stress increased the level of fluctuating asymmetry in fish from the Fenholloway River. Thus, fluctuating asymmetry appears to be a useful biomarker for stress-induced developmental instability in the eastern mosquitofish.
INTRODUCTION
Developmental precision is the ability of a given genotype in a bilaterally symmetrical organism to produce the same target phenotype on opposite sides of the body [1] . Changes in bilateral symmetry of traits may provide a measure of developmental noise or minor environmentally induced departures from the developmental program [2] . Both physical and chemical stresses tend to disrupt developmental precision [3, 4] . This results in the presence of fluctuating asymmetry, which is defined as random deviations from perfect symmetry for otherwise bilaterally symmetrical traits [5] . Fluctuating asymmetry has been used to compare developmental instability in populations with different levels of genetic heterozygosity, in populations with different levels of inbreeding, and in populations experiencing different levels of stress, either from anthropogenic or other sources [2, 6, 7] . Because developmental processes are easily disturbed, fluctuating asymmetry has been proposed as an early warning biomarker, one that could reveal the presence of stress in a population before the onset of detectable reductions in survival or fecundity [8, 9] .
The present study measured fluctuating asymmetry in two populations of eastern mosquitofish (Gambusia holbrooki). Both study streams are small, coastal rivers in Taylor County, Florida, USA, near the city of Perry. The Fenholloway River receives effluent from a paper mill and has a history of being dominated by the effluent. At times, 100% of the river water below the paper mill is effluent [10] .
The facility on the Fenholloway River is a dissolving and bleached paper-grade kraft pulp mill. Treatment of wastewater at the paper mill at the time of collection involved a primary * To whom correspondence may be addressed (raangus@uab.edu).
clarifier followed by sludge storage lagoons and, finally, by aerated lagoons. The effluent was continuously discharged into the river. The mean flow from December 1998 through December 1999 was 2.37 ϫ 10 8 L/d, which exceeded the design capacity of the treatment facilities [11] . The Fenholloway River is designated as a class III (fishable, swimmable) waterway. However, water quality below the paper mill outfall failed to meet the designated criteria, and the river was on the Florida 2002 303(d) list of impaired waters (http://www.dep.state.fl.us/ water/tmdl/2002303dupdate.htm). Reasons for listing included low dissolved oxygen (Ͻ5.0 mg/L) and high levels of un-ionized ammonia (Ͼ0.02 mg/L), biological oxygen demand (1995 median, 11.2 mg/L), and conductivity (Ͼ1,275 mhos/ cm) [11] (ftp://ftp.dep.state.fl.us/pub/laboratories/lds/reports/ 1123.pdf). A study of the Fenholloway River below the paper mill by the Florida Department of Environmental Protection in April 2000 detected aluminum, cadmium, chromium, copper, iron, lead, nickel, silver, and zinc, but all were at concentrations that complied with designated water-quality standards. The effluent was not toxic to Cyprinella leedsi or Ceriodaphnia dubia during a 48-h acute bioassay [11] .
The idea that the effluent has imposed a stress on aquatic organisms is supported by the observation of low biological diversity in the Fenholloway River. A survey of the macroinvertebrate community below the paper mill outfall found 95% loss of taxa compared to the control site, an imbalance of aquatic fauna and conditions that is favorable for the dominance of nuisance taxa [11] . The fish fauna below the paper mill outfall currently appears to be a monoculture. On recent collecting trips, seine hauls in the first few river kilometers below the mill have produced only G. holbrooki (personal observation). It is necessary to go downstream to the portion Table 1 . Morphological traits used in the present study
Trait
Abbreviation Description
Numbers of scales in the lateral line LLScales All scales in the lateral line were counted. Number of radii on the A and B scales a A radii All radii on the A and B scales were counted. B radii Number of pectoral fin rays Pec rays All pectoral fin rays were counted. Number of gill rakers on the first brachial arch G rakers All gill rakers were counted. Length of the A and B scales A len Distance from the center of the anterior margin through the focus to the center of the posterior margin. B len Length of the fifth pectoral fin ray PR len Distance from the tip of the ray to the base of the fin. Orbit diameter OR diam Distance from the anterior edge of the eye socket at its dorsal-ventral midpoint through the center of the eye to the posterior edge of the eye socket at the dorsal-ventral midpoint. Distance from the eye socket to the base of the pectoral fin E to P Length of a straight line from the dorsal base of the pectoral fin to the edge of the eye socket at its dorsal-ventral midpoint. Length of the supraorbital canal SOC Distance from the center of the bottom of the canal in a straight line through the center to the top of the canal. Length of the preorbital canal PrOC Distance from the center of the bottom of the canal to the top of the canal following the natural curve. Distance from the postorbital canal to the operculum PoOC to O Length of a straight line from the center of the top of the operculum to the center of the top of the canal. Length of the sixth gill raker GR6 len Length from the base of the sixth gill raker along the edge to the top following the natural curve. Standard length StdLen Length from the tip of the snout to the end of the caudal peduncle.
a As defined by Ames et al. [41] .
of the river with tidal influence from the Gulf of Mexico before other species of fish can be collected. Thus, it should be noted that the present study is investigating possible effects of stress on fluctuating asymmetry in a fish that is highly tolerant to disturbance and is able to persist in poor-quality water where most other fishes cannot. Some of the components of paper mill effluent, or the byproducts of their microbial degradation, have endocrine-disrupting activity. The masculinizing effects of paper mill effluent on mosquitofish have been the focus of many studies [12] [13] [14] . Recent analyses of the water and sediments from the Fenholloway River have identified progesterone, androstenedione, and androstadienedione, which appear to be produced by microbial degradation of phytosteroids in the paper mill wastewater [15] [16] [17] .
The control river for the present study was Spring Creek, a tributary to the Fenholloway River that does not receive paper mill effluent and has not been on the Florida 303(d) list for impaired water quality. The objective of the present study was to test the hypothesis that stress associated with development in an environment dominated by paper mill effluent would increase developmental instability, which in turn would be reflected in an elevated level of fluctuating asymmetry in mosquitofish from the Fenholloway River compared to that seen in mosquitofish inhabiting Spring Creek.
MATERIALS AND METHODS

Study sites
On May 27, 1999, specimens of G. holbrooki were collected from the Fenholloway River at a site 3.9 river kilometers below the paper mill's outfall at the crossing of Taylor County Route 361A (30Њ03Ј50ЉN, 83Њ35Ј30ЉW). No tributaries enter the river between the outfall and this site. Immediately upstream of the paper mill, the river was dry. Thus, at that time, 
Fish
The present study used 26 mature female mosquitofish from each river. These preserved fish had been used for a previous study of reproductive fitness by McNatt [18] . The collection from Spring Creek contained 26 mature females, all of which were used in the present study. A random sample of 26 mature females was taken from the Fenholloway River fish collection for use in the present study.
All mosquitofish were captured with a 3.2 mm mesh dip net, anesthetized with MS-222 (tricaine methanesulfonate; Finquel; Argent Laboratories, Redmond, WA, USA), and fixed in 10% formalin at room temperature (ϳ24ЊC) for 7 to 10 d. After fixation, the fish were transferred to 70% ethanol. Although the mosquitofish were wild and unconfined, we are confident they had spent their entire lives near the locations where they were collected. Genetic studies indicate that mosquitofish exhibit a high degree of site tenacity [19] . The site fidelity of the fish used in the present study also is indicated by the observation that all the females collected from the Fenholloway River had elongated anal fins, which are indicative of exposure to androgenic chemicals in the paper mill effluent, whereas none of the females collected from Spring Creek had elongated anal fins [18] .
Traits
Five meristic (counted) and nine morphometric (measured) traits were used in the present study ( Table 1) . Photographs of the traits were taken on the left and right sides of the fish using a Polaroid DMC 1e digital microscope camera (Polaroid Corporation, Waltham, MA, USA) mounted on a Leica MZ6 stereomicroscope (Leica Microsystems, Bannockburn, IL, USA) or an Olympus CH compound microscope (Olympus America, Melville, NY, USA). The fish were positioned so that the trait being photographed was as parallel to the microscope lens as possible to minimize potential error caused by parallax. Measurements were made from the images using Image Tool software (University of Texas Health Center in San Antonio, TX, USA). Measurements were made in pixels (the smallest units of resolution in the photographs) and then converted into millimeters based on calibrations derived from photographing a stage micrometer at the magnification used when the photograph was taken. Magnifications were selected so that lengths of the traits being measured exceeded 200 pixels as recommended by Palmer [20] .
Measurements or counts of each trait were made as described in Table 1 . All the measurements were made by a single individual to avoid the introduction of measurement error caused by individual differences in measurement technique as recommended by Merilä and Björklund [21] . Replicate measurements (blind) were made of each trait on separate days to permit the estimation of measurement error. Measurement error, like fluctuating asymmetry, is random and normally distributed about a mean of zero. If measurement error is not accounted for, it will be confounded with fluctuating asymmetry and lead to overestimation of fluctuating asymmetry [1] .
Statistical methods
Our analyses followed the procedures recommended by Palmer and Strobeck [1] . The following is a brief outline of these procedures. Measurements of a trait from the right and left sides of the fish are abbreviated as R and L, respectively.
The data were checked for measurement errors by inspecting scatter plots of the replicate measurements. Any points that appeared to be outliers were tested for significance using twotailed Grubbs tests [22] . If multiple Grubbs tests were done, a sequential Bonferroni procedure was applied to determine the p values necessary for statistical significance to maintain an experiment-wise, type I error rate of 0.05 [23] . Data points identified as significant outliers were remeasured using the original photographs.
Analyses were done to determine whether the asymmetry for each trait was significantly greater than the measurement error. It is possible to demonstrate differences in fluctuating asymmetry among groups only if fluctuating asymmetry can be shown to be greater than the measurement error of the between-sides differences [1] . A two-way, mixed-model analysis of variance (ANOVA), with sides as a fixed effect and individuals as a random effect, was done separately for each trait and each site. In the ANOVA, MS sidesϫindividuals quantified the fluctuating asymmetry and MS error the measurement error, where MS is the mean square.
Levene's tests using the absolute differences between the first-and second-replicate measurements were used to test for differences in measurement error among the traits [1] . If the measurement error does not differ significantly between traits, multitrait analyses can be conducted.
Correlation analyses were used to test for possible associations between fluctuating asymmetry and trait size. If fluctuating asymmetry is associated with trait size, the size effects must be corrected for before testing differences in fluctuating asymmetry between traits or samples. For each trait, a scatter plot was inspected, and the correlation coefficient was calculated between trait asymmetry, ͦ R Ϫ L ͦ, and trait size, (R ϩ L)/2. The value of p necessary for statistical significance for each correlation coefficient was determined using a sequential Bonferroni procedure for multiple tests. Two other types of asymmetry may occur in bilaterally symmetrical organisms and must be distinguished from fluctuating asymmetry before it can be used as a reliable measure of developmental instability in a population. Directional asymmetry is when a trait on one side of an otherwise bilaterally symmetrical individual is consistently more developed than the other. Antisymmetry is the consistently greater development of a character on one side of the body than on the other, but in which the side that becomes more developed is variable.
The statistical signature of fluctuating asymmetry is that it is normally distributed around a mean of zero. If population asymmetry deviates significantly from normality, then it is possible that directional asymmetry or antisymmetry is present. The data were tested for departure from normality in various ways. Histograms of (R Ϫ L) were made and inspected for each trait and group. To test for directional asymmetry, a one-sample t test comparing the mean of (R Ϫ L) to zero was performed for each trait in each group. Skew and kurtosis also were computed for the (R Ϫ L) data for each trait in each group and tested for significance using the methods of D'Agostino as described by Zar [24] . For these tests, the sequential Bonferroni procedure was used (separately for each site) to determine the level of p required for significance to ensure that the experiment-wise, type I error rate did not exceed 0.05.
To determine whether fluctuating asymmetry differed significantly between the different morphological traits or between individuals, two-way ANOVAs were performed separately for each site. The dependent variable was ͦ R Ϫ L ͦ or ͦ ln(R) Ϫ ln(L) ͦ (the ANOVA was run twice), and the factors were trait, individual, and trait ϫ individual.
Fluctuating asymmetry has been quantified in numerous ways [1] . We chose to use three of them. For consistency, we refer to the indexes of fluctuating asymmetry using the numbering system of Palmer and Strobeck [1] . The first index, FA1, is the mean of ͦ R Ϫ L ͦ. It includes measurement error and is not corrected for trait size. The second index, FA2, corrects for correlation with overall size. It is calculated as the mean value of ͦ R Ϫ L ͦ /0.5(R ϩ L) for a trait. The third index, FA10a, estimates fluctuating asymmetry free of measurement error and can be compared to FA1 to determine the effect that measurement error has on the uncorrected index of fluctuating asymmetry. It is calculated as 0.798 ,
where MS sidesϫindividuals is the interaction mean square from an ANOVA with the trait as the dependent variable and sides and individuals as the independent variables. To determine whether fluctuating asymmetry differed between fish from the Fenholloway River and Spring Creek over multiple traits, four tests were used. First, for each of the three indexes of fluctuating asymmetry, a chi-square goodness-offit test was used to test the null hypothesis that over all traits measured, half of them had higher fluctuating asymmetry in the Fenholloway River sample. Second, because FA2 is adjusted for size, it is reasonable to calculate a mean FA2 value, over all traits, for each individual [25] . Mean FA2 values were calculated over all 14 traits (using the first replicate) for all fish for which no data were missing (n ϭ 14 for each site). The means of the individual mean FA2 values were compared between the two sites using a one-tailed t test. The hypothesis tested was that over all traits, the Fenholloway River fish had a greater mean FA2 value than the fish from Spring Creek. The third test used a standardized summed value for fluctuating Fluctuating asymmetry across all traits, called CFA 2 by Leung et al. [26] . A corrected value for fluctuating asymmetry for a trait in an individual was calculated by dividing the value of ͦ R Ϫ L ͦ by the average ͦ R Ϫ L ͦ of the trait over both populations. This ensures that all traits contribute equally to the CFA measure. Then, the corrected values of fluctuating asymmetry were summed across traits for each individual to produce the composite fluctuating asymmetry score. Composite scores were compared between populations using a one-tailed t test. For this test, we used only fish for which no data were missing. Finally, we used a two-way, mixed-model ANOVA with fluctuating asymmetry as the dependent variable and population (fixed effect) and traits (random effect) as dependent variables [20] . Statistical tests were done using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA; t test using Excel's built-in procedure; sequential Bonferroni and goodness-of-fit tests using spreadsheets written by RA and verified using examples from Zar [24] ) and SYSTAT Version 10 (SYSTAT Software, Richmond, California, USA; summary statistics, correlation analyses, and ANOVAs).
RESULTS
Remeasurement succeeded in eliminating all outliers from the data set. No individuals had to be omitted from the analysis because of anomalous size or trait asymmetry. Trait means and variances are shown in Table 2 . These values are based on measurement from the left side for the bilateral traits and for the first replicate measurement. Sample sizes varied among traits, because not all traits could be counted or measured on all fish (mainly because of damaged fin rays or lost scales). In addition, the size distributions of the females differed between sites. The mean length of Spring Creek fish (mean Ϯ SD, 33.7 Ϯ 5.4 mm) was significantly greater than that of the Fenholloway River fish (25.8 Ϯ 4.3 mm; p Ͻ 0.001, two-tailed t test). It is not known whether this represents a difference in age, growth rates, or both between populations. However, because fish in the Fenholloway River are stressed and have an extremely degraded macroinvertebrate population on which to feed [11] , it is reasonable to hypothesize that growth rates in the Fenholloway River are lower than those in less disturbed rivers.
Two-way ANOVAs (sides, individuals, and sides ϫ individuals) run separately for each trait at each site indicated that for all traits, MS sidesϫindividuals , an estimate of fluctuating asymmetry, was greater than MS error (Table 3 ). This was encouraging, because ''to have any hope of detecting meaningful differences in fluctuating asymmetry among groups of interest, the between-sides differences due to fluctuating asymmetry must be shown to be significantly greater than the betweensides differences due to measurement error'' [1] . Levene's tests for heterogeneity of variance (not shown) indicated that at each site, none of the differences in measurement error between the traits was significant. Thus, multitrait analyses could be used to compare fluctuating asymmetry between sites.
The ability to identify and remeasure outliers helped to keep measurement error low. Measurement error, which can be quantified as from a sides ϫ individuals ANOVA ͙MS error (ME2 in Palmer and Strobeck [1] ), was zero, or nearly zero, for many of the traits (Table 3) . No significant correlations were detected between (R Ϫ L) values of different traits in the same individuals (data not shown). Thus, the traits used in the present study appeared to be developmentally independent. Although overall fish size differed between the study sites, fluctuating asymmetry for the traits was not associated with trait size. No significant correlations were observed between ͦ R Ϫ L ͦ and (R ϩ L)/2 after the sequential Bonferroni correction was applied (separately for each site) ( Table 4) . Nevertheless, an index of fluctuating asymmetry that included size correction (FA2 [1] ) was included in our analysis so that the influence of body size on fluctuating asymmetry could be evaluated. None of the distributions of (R Ϫ L) for any of the traits showed significant skew or kurtosis after application of the sequential Bonferroni procedure (separately for each site). Thus, none of these traits deviated significantly from the approximately normal distributions of (R Ϫ L) expected for fluctuating asymmetry.
The t tests for directional asymmetry, as indicated by the deviation of mean (R Ϫ L) from zero, were significant only for three traits, all from the Fenholloway River site: Number of lateral line scales, orbit diameter, and distance from the eye to the pectoral fin. Because mean (R Ϫ L) values of the same traits in the Spring Creek fish did not differ significantly from zero, the traits were retained in the analyses.
Differences and interaction effects between individual and trait and between site and trait were tested for using ANOVAs (Tables 4 and 5 ). The ANOVAs were done once using ͦ ln(R) Ϫ ln(L) ͦ as the dependent variable, because Palmer and Strobeck [1] emphasized the statistical advantages of log transforms and used them in their Table 17 .7, and then again with ͦ R Ϫ L ͦ as the dependent variable (results not shown), because the examples given in their online appendix used nontransformed data. The results of the ANOVAs were the same. Significant interaction effects, both between traits and individuals and between traits and sites, were found. Thus, the differences in fluctuating asymmetry between individuals within a site were not consistent for all traits, and differences in fluctuating asymmetry between sites were not consistent for all traits.
For each of the traits, three measures of fluctuating asymmetry were calculated: FA1, FA2, and FA10a (Table 6 ). None was significantly associated with trait size (shown in Table 2 ). For FA1, the correlation coefficient with trait size was 0.181. For FA2 (size corrected), the correlation coefficient was Ϫ0.005, and for FA10a, it was 0.164.
For each of the three indexes of fluctuating asymmetry, the majority of the traits showed a higher level of fluctuating asymmetry in fish from the Fenholloway River than in fish from Spring Creek (Table 6 ). For FA1, 11 of 14 traits exhibited higher fluctuating asymmetry in the Fenholloway River. For FA2 (size corrected), 12 traits exhibited higher fluctuating asymmetry in the Fenholloway River, one was higher in Spring Creek, and one was a tie. For FA10a (which removes measurement error), 10 of 14 traits exhibited higher fluctuating asymmetry in the Fenholloway River. For each fluctuating asymmetry measure, the probability of a greater or equal departure from a 1:1 distribution by chance was calculated using the binomial distribution. For FA1, the difference was significant (p ϭ 0.029). For FA2, the difference was highly significant (p ϭ 0.002 with the tie omitted), and for FA10a, the difference was not significant at ␣ ϭ 0.05 (p ϭ 0.09). However, because the difference would be significant at ␣ ϭ 0.10 and is consistent with the other two estimates of fluctuating asymmetry, this may indicate a simple lack of statistical power to detect the difference as significant at ␣ ϭ 0.05.
The mean value of the mean (over all traits) FA2 values for each fish was significantly greater for the Fenholloway River fish (0.155 Ϯ 0.106) than for Spring Creek fish (0.061 Ϯ 0.015; p one-tailed ϭ 0.003, t test). This was consistent with the results comparing mean composite fluctuating asymmetry (CFA 2) values over all traits. The mean for the Fenholloway River fish (15.97 Ϯ 5.87) was significantly greater than for Spring Creek fish (12.03 Ϯ 2.95; t ϭ 3.954, p one-tail ϭ 0.019). For both measures of overall fluctuating asymmetry, the variance among the Fenholloway River fish was significantly greater than for Spring Creek fish. Thus, fluctuating asymmetry was more variable between individuals in the Fenholloway River population.
Results of the two-way ANOVA indicated a significant site ϫ trait interaction effect (Table 7) . This indicates that some traits showed higher fluctuating asymmetry in the Fenholloway River population and others higher fluctuating asymmetry in the Spring Creek population (Table 7) . This makes use of this test to compare populations difficult. When an ANOVA has a significant interaction effect, it generally is not meaningful to compare individual effects, even if they have significant F values [24] .
DISCUSSION
Numerous studies have investigated the effects of paper mill effluent on mosquitofish inhabiting the Fenholloway and other Florida coastal rivers receiving paper mill effluents. Most have focused on the masculinizing effects of the effluent (see, e.g., [12, 27, 28] ). Other studies have found that female mosquitofish in these rivers have reduced reproductive fitness relative to fish in nearby control streams [18, 29] . Conditions leading to a reduction in fitness can be considered to comprise a ''stress'' [30] . These effects, plus the fact that most of the fish and macroinvertebrate taxa normally found in coastal Florida streams are missing from the Fenholloway River, are taken as evidence that the environment has been stressful. One obvious source of stress is the low dissolved oxygen resulting from the biological oxygen demand of the effluent. At the time of collection, the Fenholloway River was on the state 303(d) list because of low dissolved oxygen and high biological oxygen demand (among other things) [11] . Although toxicity was not detected in effluent from the Fenholloway River paper mill [11] , toxic effects have been detected in other paper mill effluents [31] [32] [33] .
The occurrence of increased developmental instability in a population experiencing degraded water quality is not itself evidence of cause and effect. However, the results of the present study are consistent with the hypothesis that stress from exposure to paper mill effluent has increased the level of developmental instability in female mosquitofish from the Fenholloway River. Of the 14 morphometric and meristic traits measured in the present study, a significant majority showed higher fluctuating asymmetry in the Fenholloway River fish compared to those from the control site, Spring Creek. Both the average level of fluctuating asymmetry per individual (mean FA2) and the mean of a composite index of fluctuating asymmetry (CFA 2), were significantly higher in Fenholloway River fish than in Spring Creek fish. Thus, it appears that fluctuating asymmetry in mosquitofish may serve as a reliable biomarker of environmental stress.
Previous studies also have shown that fluctuating asymmetry may be an indicator of stress-induced developmental instability in fish inhabiting rivers with degraded water quality because of anthropogenic influence. Oxnevad et al. [34] found that populations of perch (Perca fluviatilis) living in acidic lakes exhibited higher levels of fluctuating asymmetry compared to those living in nonacidified lakes. Sanchez-Galan et al. [35] found that wild brown trout (Salmo trutta) from rivers with anthropogenic influence in northern Spain had higher levels of micronuclei in kidney erythrocytes (a biomarker of genotoxic stress) and higher fluctuating asymmetry in meristic traits compared to fish from less disturbed rivers. They concluded that fluctuating asymmetry can be used as an indicator of an environmental stress in trout.
Not all studies have detected an association between environmental stress and elevated developmental instability in fish. For example, Vollestad et al. [36] found that grayling (Thymallus thymallus) exposed to methylmercury (0, 0.16, 0.8, 4.0, and 20 mg/L) during embryonic development showed a slight departure from the morphological norm. However, fluctuating asymmetry, quantified as mean ͦ R Ϫ L ͦ, of four meristic traits and one morphometric trait did not differ significantly between the control and the exposed treatment groups. They concluded that fluctuating asymmetry is not a useful biomarker for methylmercury contamination in grayling. Sample sizes in the Vollestad et al. (1998) study were large (n ϭ 193 per group), so lack of statistical power to detect fluctuating asymmetry differences in the traits analyzed should not have been a problem (although not stated in the paper). It also is possible that if the traits had been combined into a multivariate estimate of fluctuating asymmetry, a significant difference would have been seen for the highest-exposure group, because its mean was consistently higher than that for any of the other groups.
Because different traits develop via different embryonic pathways that can be affected differently by stress, the degree of fluctuating asymmetry may vary among traits [37, 38] . This was seen in the present study, in which ANOVAs indicated that fluctuating asymmetry varied significantly among traits (Tables 4 and 5 ). For this reason, Houle [37] as well as Hoffman and Woods [39] recommended using a composite of traits when comparing fluctuating asymmetry between groups. The present study employed two composite indexes (mean FA2 and CFA 2). Now that we have determined that fluctuating asymmetry may serve as a useful biomarker of stress in mosquitofish, additional studies may be warranted. For example, the present study included only females. It would be helpful to know whether males and females are affected differently by stress. Badyaev et al. [40] found that the developmental stability of male shrews was affected more strongly by stress than that of females, and as a result, the males showed greater levels of fluctuating asymmetry.
One potential advantage of fluctuating asymmetry as an indicator of stress is that because it occurs during potentially sensitive stages of development, it may serve as a biomarker that can identify stressed populations before important lifehistory traits, such as reproductive fitness, are affected. It is not possible from the present study to determine whether this is the case for mosquitofish. The Fenholloway River has been influenced by paper mill effluent for many years, and clearly, life-history traits of the population have been affected. All the female mosquitofish collected from the Fenholloway River had elongated anal fins, an indicator of endocrine disruption. McNatt [18] determined that the fish used in the present study had reduced fecundity compared to females from Spring Creek. Thus, to evaluate the potential usefulness of fluctuating asymmetry as an early biomarker of stress in mosquitofish, further studies are required.
The present study has shown an elevated level of fluctuating asymmetry in the Fenholloway River fish, but it could not identify the specific cause. Paper mill effluent is a complex mixture of organic and inorganic constituents. Further studies are necessary to identify the specific components of the effluent that may be contributing to the stress and determining the extent to which exposure to them causes elevated fluctuating asymmetry. In addition, it is not known at this time how much of the elevated fluctuating asymmetry in Fenholloway River fish resulted from stresses caused by the mill effluent and how much from other possible factors. The lack of fish diversity in the Fenholloway River undoubtedly has released predator pressure. Fluctuating asymmetry in the Fenholloway River population could, conceivably, be somewhat elevated because of the fact that predators did not remove the more asymmetrical individuals, assuming that they would have been more susceptible to predation. Laboratory studies of fish exposed to known levels of various physical and biological stresses would greatly increase our understanding of the precise influences of stress on fluctuating asymmetry in mosquitofish.
Although the present study supported the hypothesis that fluctuating asymmetry in mosquitofish may serve as a biomarker of environmental stress and be useful as a sensitive indicator of stress before life-history traits are affected, one might question its general utility. This is not an easy biomarker to obtain. The morphological measurements (which must be done in duplicate) are time-consuming, and the statistical analyses are complicated. The endpoint (asymmetry) gives no information regarding the cause of the stress or the mechanism of action. Also, studies must be performed to evaluate the strength of association between fluctuating asymmetry and traits related to fitness, such as growth, survival, or reproduction. Without this information, the significance of elevated fluctuating asymmetry to the overall well-being of the population cannot be determined, and its use in making decisions is limited.
